The T-type microstructure is a novel microfluidic component generally operated at very low Reynolds numbers (Re) thanks to its small dimension and typically low flow rate. The simplest embodiment of this structure involves two fluids entering through separate inlets and merging to flow adjacently in a downstream mixing microchannel. 5 The low Reynolds number (Re < 2000) condition, which induces laminar flow, implies that the mixing is mainly dependent on the diffusion of molecules from one stream to the other. According to the classic diffusion theory, small molecules with a high diffusion coefficient can diffuse significant distances and redistribute between streams on the residence time scale. Large molecules or particles such as cells that do not diffuse significantly in the available period of time will not move appreciably from their original stream. 6 A critical dimension that governs the extent of diffusion is the diffusion distance d, along which diffusion occurs between adjacent streams.
Another important factor in diffusion processes is the residence time, i.e. the time scale for the parallel streams to flow through the mixing microchannel, which is determined by the volume of the mixing microchannel and by the flow rate. Diffusion coefficient is a parameter denoting the diffusion capacity of a given molecule. Molecules with high diffusion coefficients can move more quickly than those with low diffusion coefficients.
Diffusion phenomenon in a T-type microstructure can be controlled by adjusting flow condition and geometry, especially the aspect ratio (height/width). Different diffusion modes can be used for different purposes. For example, in some cases, streams in T-type microstructures with low aspect ratio were guided by high driving forces to realize microfabrication. 7, 8 The diffusion broadening was minimized by high flow rates, resulting in short residence times. In some other cases, rapid diffusion in high-aspect-ratio or improved T-type microstructures (e.g. Venturi type configuration) was used for fast mixing and chemical reaction. [9] [10] [11] Currently, T-type microstructure is more frequently used for generation of concentration gradient and microfluidic diffusion-based separation and detection. 4, 5, 12 This kind of T-type microstructure with low flow rate and low aspect ratio is also called "T-sensor".
Many studies have been done to investigate the geometrical impact of the T-type microstructure on its function; in such studies, the hydrodynamic simulation method played quite an important role. [13] [14] [15] [16] [17] Most existing computational fluid dynamics (CFD) simulations were focused on commonly used symmetrical T-type microstructures, whose mathematic analysis is relatively easy to conduct. In these studies, the aspect ratio of mixing channel received the most attention, and a few other geometrical properties such as inlet angle were also mentioned. 13 Recently, more and more asymmetrical T-type microstructures (e.g. the microscale molecular weight sensor) 18 were adopted to improve the efficiency of the compact space in lab-on-a-chip or to generate desired concentration gradients. In our previous study, the concentration gradient generated in an asymmetrical T-type microstructure was found to be different from the simulation of a similar symmetrical structure. 19 Apparently, the inlet angle affects the diffusion. This was also different from the findings by Gobby et al. that the inlet angle had only a marginal effect on the mixing.
vs. symmetrical) and purposes (generation of concentration gradient vs. quick diffusion for mixing). Thus, it is necessary to study the flow and diffusion characteristics of low-Reynoldsnumber flow streams in a low-aspect-ratio T-type microstructure (T-sensor) with different configurations and inlet angles.
In this study, low-Reynolds-number liquid flows were driven by pressure to generate concentration gradients in a low-aspectratio T-type microstructure. The CFD method was used to simulate the flow profile and concentration gradient in symmetrical and asymmetrical T-type microstructures with different inlet angles. Based on the simulation and experimental results, an optimized microstructure was fabricated for on-chip monitoring cellular reactions with controlled concentration gradient. This study may help in the design optimization of new T-type microstructures.
Materials and Methods

Simulation models
T-type microstructures with symmetrical ( Fig. 1a) and asymmetrical ( Fig. 1c) configurations were chosen as the simulation models. There were three microchannels in each model: Inlet Channel 1, Inlet Channel 2 and Mixing Channel. The intersection of these three microchannels and its horizontal length (along the flow direction in Mixing Channel) were defined as junction zone and junction length (δ), respectively (Figs. 1b and d) . The angle between inlet channel and mixing channel was defined as the inlet angle (θ). In the symmetrical model, there were identical inlet angles for both inlet channels. In the asymmetrical model, in order to simplify the simulation, Inlet Channel 1 and Mixing Channel were kept collinear. Thus, the inlet angle for Inlet Channel 1 was always zero, and only the inlet angle of Inlet Channel 2 was changed in the simulation. The dimensions of inlet channels and mixing channels were 5 mm (length) × 100 μm (width) × 25 μm (height) and 5 mm (length) × 200 μm (width) × 25 μm (height), respectively.
In the diffusion simulation study, fluorescence dye solution was introduced via Inlet 1, and fresh buffer was introduced via Inlet 2. Driven by a liquid pressure condition (20 Pa at each inlet and 0 at outlet), both streams flowed from inlets to outlet and met at the junction zone. In this microchannel network, liquid flow behaved as laminar with low Reynolds numbers due to low flow rate. Dye molecules diffused to the fresh buffer and redistributed in the mixing channel to generate a concentration gradient along any one horizontal line (the x direction in Fig.  1 ). 19 For comparison, the horizontal line 10 μm away from the channel wall (y = -90 μm, the dashed line in Figs. 1a and c) was chosen as the detection line in each model, which was also used as the detection line in previous cell-based studies. 19, 20 The diffusion and concentration gradient in the asymmetrical model with inlet angles 0 -170˚ (10˚ increment) and in the symmetrical model with inlet angles 0˚, 30˚, 60˚, 90˚, 120˚, 150å nd 170˚ were simulated in this study.
Microfluidic device fabrication
A microfluidic device was fabricated by a common imprinting method described in detail elsewhere. 21 Microstructures were fabricated by imprinting the polydimethylsiloxane (PDMS) substrates using an inverse three-dimensional image on a printed circuit board (PCB). The microchannel networks were fabricated according to the simulation models. After the microchannels were fabricated, three access holes (4 mm diameter) were drilled at the inlets and outlet.
Reagents
Fluorescence dye ethidium bromide (EB, Sigma) dissolved in water (0.45 μM) was used as the analyte, and was filtered through a disposable syringe filter (0.25 μm pore diameter, MFS 25, Advantec MFS, Inc.) before each use.
Measurement method
The fluorescence dye solution (EB) and water were introduced via Inlet 1 and Inlet 2, respectively, and then traveled in the microchannels from inlets to outlet. A laser scanning confocal microscope (488 nm argon laser and 560 nm emission filter) was used to capture the fluorescent image of EB molecules which diffused from dye solution stream to the adjacent water stream within the mixing channel, and a profiling data analysis mode was employed to present the photomultiplier tube (PMT) response along the detection line.
Results and Discussion
Microfluidic flow simulations
The flow simulations were done based on the models in Fig. 1 . Some pressure boundary conditions were used, i.e. the pressure at both inlets was 20 Pa and the pressure at the outlet was zero. Convergence criteria of residual monitor for all quantities (x-, y-, z-flow velocity, continuity and the concentration of EB) were set to 10 -8 . There were nearly 960000 nodes in the grid patterns for the CFD simulation. The finest grid, where the distance between adjacent nodes was about 2 μm, was located at the junction zone due to tremendous local velocity, pressure and concentration gradients. All inlets and outlets were defined as pressure-inlet and pressure-outlet, respectively, and flows were simulated as steady-state laminar flows with species diffusion.
As shown in the simulated results, the flow was laminar, the liquid pressure dropped in every microchannel along the flow direction, and rapid flow was observed at the middle of microchannel for the viscosity of fluids. The mixing interface was superposed upon the midline of Mixing Channel in the symmetrical model, but deflected to one side in the asymmetrical model (Fig. 2) . Irregular flow was observed at the junction and in the stagnant zone (Fig. 3) .
Concentration gradient in different structures
The main purpose of this study was to investigate whether the configuration and inlet angle have some impact on the concentration gradient in T-type microstructures.
Thus, asymmetrical structures with 18 different inlet angles and symmetrical structures with 7 different inlet angles were chosen as the study models.
In the simulation, a concentration gradient was observed in all models. For the models in which inlet angles were less than 90˚, the concentration gradients were very similar (Fig. 2) . For example, concentration gradient curves in models with 30˚ and 60˚ inlet angle were almost superposable (Figs. 2b and d) . However, if the inlet angles were larger than 90˚, there was an obvious difference in the concentration gradients between different models.
Similar phenomena were observed in fluorescence dye diffusion experiments in T-type PDMS microstructures, where the observed concentration gradients were consistent with the theoretically predicted results (Fig. 4 , for clarity only the results of 90˚ inlet angle are shown).
Consistent with previous observation, 19 the original moving direction of dye molecules had some impact on the diffusion and concentration gradient. The perpendicular or even reverse movement of dye molecules to the buffer flow might facilitate the diffusion process. In the microstructures in which the inlet angle was less than 90˚, there was no reverse movement of dye molecules, and the diffusion was slow. In the microstructures with larger inlet angle, the diffusion was faster and the 699 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 concentration gradient was sharper due to the reverse movement of dye molecules.
Postponed phenomenon at large inlet angles
An obvious delay of concentration gradient formation was observed when the inlet angle was greater than 90˚. As shown in Fig. 2 , the distance from the intersection of Inlet Channel 2 and Mixing Channel (origin of coordinates) to the beginning of the concentration gradient was defined as the transition zone. Its shape and length varied for different configurations and inlet angles (Figs. 2 and 3 ). For small inlet angle (less than 90˚), no transition zone was observed. For inlet angles greater than 90˚, the transition length sharply increased and gradually approached the junction length, which was equal in length for both models with the same inlet angle. Furthermore, the transition length in the symmetrical model was much longer than that in the asymmetrical models with same inlet angle. A stagnant zone in the junction, which appeared at large inlet angles, might be the main reason for the increase of transition length. This zone, where flow is almost stagnant, acted as a barrier preventing diffusion between different streams.
Stagnant zones at large inlet angles
In these simulations, when the inlet angle was greater than 60˚, stagnant zones, where the flow rate was very slow due to sharp changes in flow direction, began to appear at the intersection (Fig. 3b) . In the symmetrical model, the stagnant zone was located in the middle junction zone. In the asymmetrical model, the stagnant zone deflected to Inlet Channel 2 and its location changed with the change of inlet angle. In both models, the area of the stagnant zone increased with the increase of the inlet angle.
The existence of a stagnant zone caused the increase of the diffusion length and also affected the formation of concentration gradients, because there was no parallel flow in this zone. In symmetrical microstructures, the concentration gradient in stagnant zone did not change monotonically along the diffusion length. An inflexion was observed on the gradient curve (Fig.  2b) . In asymmetrical microstructures, a delay of concentration gradient formation was also observed, but there was no inflexion (Fig. 2d) . The non-monotonic concentration change is deleterious in the concentration gradient based research. It is difficult to avoid in symmetrical microstructures since all detection lines have to cross the stagnant zone. However, in asymmetrical microstructures, choosing a suitable detection line apart from the stagnant zone may prevent or minimize its impact.
Flow distribution varied in asymmetrical structures
In asymmetrical models, the concentration at the end of the mixing channel varied for different inlet angles, although the equilibrium composition was reached for all cases (Fig. 2d) . The equilibrium concentration decreased with the increase of inlet angle. Flow distribution (the ratio of flow quantity in Inlet Channel 1 to that in Inlet Channel 2) 17 might be the main factor contributing to such differences. The flow quantity in Inlet Channel 2 increased with the increase of inlet angle, especially when inlet angle was greater than 90˚, whereas the flow quantity in Inlet Channel 1 basically remained the same (Fig.  5a ). When the inlet angle increased, the distribution ratio decreased, which caused the decline of final concentration (Fig.  5b) . This simulation result was also consistent with a previous 700 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 study of an asymmetrical T-type microstructure, 17 where the observed concentration was slightly lower than the simulated result of symmetrical structure. For different inlet angles, the variation of junction zone and the emergence of a stagnant zone induced different values of flow resistance between Inlet Channel 2 and Mixing Channel and subsequently altered the flow quantity in Inlet Channel 2. A longer microchannel may be used to increase the flow resistance of the whole system and to reduce the variation of flow distribution. However, microchannels in a microfluidic device usually have lengths similar to those used in simulating models due to the compact space. Therefore, the variation of flow distribution cannot be ignored in the design of a T-type microstructure.
In symmetrical models, the liquid quantity is always identical for the two inlet channels. Therefore, the flow distribution and final concentration are unchanged for different inlet angles.
Diffusion length and gradient length
In these T-type microstructures for generation of concentration gradient, diffusion length was defined as the distance from the point of initial mixing (the origin of coordinates) to the complete mixing point where the equilibrium composition was reached; this was also called mixing length in T-type mixers. However, complete mixing requires a very long length for two parallel streams. In this study, for practical purposes, complete mixing was defined as achieved when the concentration deviated by no more than ±10% from the equilibrium composition. If the concentration at any location of a cross section perpendicular to the flowing direction meets such complete mixing criteria, the intersection point of this section and the x-axis was defined as the complete mixing point. Diffusion length denotes the mixing efficiency and is a very important parameter in T-type mixer.
In the T-type microstructures for generation of concentration gradient, the gradient length, which was defined as the distance for concentration dropped from the maximum to the minimum, received more attention. Diffusion length and gradient length are not the same.
In both symmetrical and asymmetrical configurations, diffusion length and gradient length increase with the increase of inlet angle (Fig. 6) . Diffusion length sharply increased at large inlet angles due to the fast prolongation of transition zone. There was no obvious difference in gradient length for the two models with the same inlet angle.
z-Directional concentration gradient
Due to the viscosity of liquid, slower flow occurs near the channel wall. Thus, there is a velocity gradient perpendicular to the flow direction. As a result, besides the y-directional concentration gradient discussed in the above section, a zdirectional concentration gradient was also observed in the simulation. For the same flow distance, the residence time was longer for the streams near the top and the bottom of the microchannel, so more dye molecules diffused to adjacent water and reduced the original concentration. Therefore, at some sections perpendicular to the flow direction, there was a zdirectional concentration gradient.
In this study, the concentration profiles were measured along a series of z-directional lines that crossed the x-directional detection line at various distances (0 -5 mm). In these zdirectional gradient profiles, the high concentration was located in the middle due to less mixing than other locations with the same flow distance (Fig. 7a) . However, after reaching its peak, the concentration gradient relaxed due to continuous diffusion (Fig. 7b) . Because the equilibration time of diffusion is proportional to the square of the diffusion distance, 6 for microstructures with small aspect ratio (as simulation models used in this study), the z-directional diffusion distance is very short and the diffusion is very rapid. Thus, the z-directional concentration difference was very small (the maximum concentration difference along z-direction was less than one in a thousand of initial concentration) and the concentration gradient was quickly vanished along the flow direction (Fig. 7b) . However, for those T-type microstructures with large aspect 701 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 ratio such as that used for mixing (commonly greater than 0.5), there is a significant z-directional concentration gradient, which has some impact on the diffusion length.
15
Optimization of microfluidic structure Cell-based drug screening is an important topic in microfluidic chip research. A microfluidic chip is being developed for on-chip monitoring of cellular reactions with controlled concentration gradient. 22 In this design, two different types of cells are docked along both sides of a microchannel and the same concentration gradient is generated along each row of cells, as described previously. 20 Using this device, a reactant with series concentration can synchronously react with two different types of cells, and the results can also be monitored and compared at the same time.
In order to effectively utilize compact chip space, we designed a prototype chip with seven microchannels (Fig. 8a) . Two rows of "sandbag" microstructures (2 mm long, similar to the dam structure in Ref. 20) between Microchannels 3 and 6, 3 and 7 were used for cell docking. A liquid could flow through the gaps between these sandbags but cells could not. In this chip, Microchannels 1, 2 and 6, 4, 5 and 7 formed two asymmetrical T-type microstructures, where Microchannels 1, 2, 4 and 5 were the inlet channel and Microchannels 6 and 7 were the mixing channel.
In this design, a 2-mm long cell-docking zone must exist within the concentration gradient zone. According to above CFD simulations, choosing an appropriate inlet angle was a 702 ANALYTICAL SCIENCES JUNE 2007, VOL. 23 good way to avoid a long transition zone and to induce a suitable concentration gradient in the cell docking zone. Therefore, in primary design, a right angle (90˚) was chosen. However, experimental results indicated that the concentration gradient in this prototype device dropped too quickly (Fig. 8b) , which was not suitable for a cell-based experiment where a well-proportioned concentration gradient was desired. Furthermore, there were some across-dam flow from Microchannel 3 to Microchannels 6 and 7 at the downstream of the mixing channel, which caused some disturbance to the concentration gradient and cell docking. According to above simulations, the concentration gradients showed little differences among T-type structures with less than 90˚ inlet angles. However, it is easier to widen the junction zone in T-type structure with smaller inlet angle to increase the diffusion distance for achieving a more gentle gradient. 6 Furthermore, for the smaller inlet angle, the T-type structure is more compact. Thus, a modified microfluidic device with 30i nlet angle and a wide intersection zone was designed and simulated (Fig. 8c) . According to this simulated model, a new microfluidic device was fabricated to generate a wellproportioned concentration gradient (Fig. 8d) . The variety of the flow resistance and flow pattern due to docked cells was also considered in this simulation. Before and after cell docking, there was no obvious difference of concentration gradient in this optimized microfluidic chip.
Conclusion
Computational fluid dynamic simulations and microfluidic experiments were conducted to study the mixing characteristics of a T-type microstructure with different configurations and inlet angles.
Simulations show that, for two different configurations with small inlet angles there is no obvious difference in concentration gradient. However, compared with symmetrical structure, asymmetrical structure commonly generates quicker mixing and shorter concentration gradient at larger inlet angle. The concentration gradient, transition distance and diffusion length varied with the inlet angle. Therefore the inlet angle must be carefully adjusted for different purposes. A stagnant zone was observed at large inlet angles, which must be considered in chip designing. In some cases, zdirectional diffusion and gradient may affect the diffusion length.
This study provides a guideline for the design of T-type microstructures. An optimized design was achieved for on-chip monitoring cellular reactions with controlled concentration gradients.
